Osteonecrosis or avascular osteonecrosis (AVN) of the femoral head is a devastating multifactorial disease that affects 20 000 persons each year in the United States. The purpose of this systematic review was to determine the efficacy and safety of alendronate for adult AVN during short-and long-term follow-up. Electronic databases were searched for randomized or nonrandomized clinical trials, cohort, case-control studies, and series of cases in which alendronate was used for treatment of adult AVN of the femoral head. Relevant articles with adequate data on reduction of pain, improvement of articular function, slowing of bone collapse progression, or need for total hip arthroplasty (THA) were included after applying inclusion and exclusion criteria. Eight articles involving 788 hips with evidence level 1b to 3b were included in this systematic review. Most studies suggested a positive short-term efficacy of alendronate treatment in reducing pain, improving articular function, slowing of bone collapse progression, and delaying the need for THA for adult AVN patients. The favorable long-term results were also presented in those treated patients after 10-year follow-up. In addition, there were no severe adverse effects associated with alendronate treatment observed during short-and long-term follow-up, and most of the included studies suggested use of alendronate in early AVN with small necrotic lesion to achieve better outcomes. The findings support consideration of alendronate use for adult AVN, particularly with early stage and small necrotic size. The lack of large-scale, randomized, and double-blind studies justifies new studies to demonstrate the detailed indication and the optimized strategy of alendronate treatment. Level of evidence: Level 3a.
Background
Osteonecrosis or avascular osteonecrosis (AVN) of the femoral head is a devastating multifactorial disease that affects 20 000 persons each year in the United States [1, 2] . Although the pathophysiology of AVN has not been completely elucidated, this progressive clinical condition is characterized by bone death and reduced local blood flow [3] . As bone repair occurs, the imbalance of osteoclast-medicated resorption and delayed new bone formation result in mechanically weak bone that collapses under the load of weight [4] . After collapse, due to extreme pain and loss of hip function, most patients require standard total hip arthroplasty (THA) [5, 6] . However, because of the young age of many of these patients, a hip replacement cannot be expected to last the patient's lifetime; therefore, when feasible, attempts should be made to save the femoral head prior to collapse with use of less invasive treatment modalities [7] [8] [9] .
Identifying such conservative treatment options with potential benefits is extremely desirable. There is currently no uniformly accepted pharmacologic treatment that retards AVN progression and prevents bone collapse. In contrast to other drugs, bisphosphonates (Bps) are potent anti-reabsorptive agents that act by inhibiting the action of mature osteoclasts in the bone, which theoretically normalizes the uncoupled bone remodeling, contributing to femoral head collapse [10] . In the last decade, many studies have investigated the application of Bps in the treatment of AVN [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Nevertheless, the lack of controlled and longterm results, the substantial heterogeneities of genres in Bps, the unclear indication of various stages of AVN, and the combination of adults and juveniles, complicate the interpretation of recent systematic reviews [10, 11] and necessitate new evidence.
Of different Bps, alendronate is the most widely prescribed and evident one. In addition, application of Bps in children raises great concern due to its potential harmful effects on the growing skeleton of juveniles. Therefore, we performed a systematic review restricted to alendronate therapy for adult AVN. By summarizing recent randomized controlled trials and long-term follow-up studies, the purpose of this systematic review was to determine the efficacy and safety of alendronate for adult AVN during short-and long-term follow-up. Our hypothesis was that alendronate therapy could be well-tolerated and: 1) improve clinical function and pain, 2) retard the progression of femoral head collapse and/or reduce the incidence of THA, and 3) be influenced by stage of the disease. * Four electronic databases (PubMed, EMBASE, the Cochrane Central Register of Controlled Trials, and China National Knowledge Infrastructure) were searched using a search strategy combining the terms in Boolean logic: "(alendronate OR Fosamax) AND (avascular necrosis OR aseptic necrosis OR osteonecrosis) AND (femoral head)". There was no limitation on language, year of publication, or publication status. Trials were included if they were randomized or nonrandomized clinical trials, cohort, case-control studies, and series of cases in which alendronate was used for treatment of AVN of the femoral head in adults, with adequately reported data on diminishment of pain, or improvement of articular function, or retardation of bone collapse progression, or need for arthroplasty. We also manually searched reference lists of review articles, and included studies to identify other potentially eligible studies. After exclusion of duplicates, 1 reviewer (LRB) performed an initial title and abstract screening of articles to discard those that were clearly ineligible, then 2 reviewers (LT and ZHM) independently examined the full article to assess the trials for eligibility for inclusion, with disagreements resolved by discussion. Citations were excluded if they were animal studies or targeted adolescences or used alendronate in combination with any other treatments. If necessary, we attempted to contact the author of the original report to obtain further details.
From each article we extracted the following details by using standardized forms: authors, year of publication, geographical location of study, study design/level of evidence, study population (hips/patients), patient sex and age, follow-up duration, interventions, outcomes, and adverse events.
The level of evidence of each study was rated on basis of Oxford Centre for Evidence-based Medicine -Levels of Evidence (March 2009) [20] .
The outcome of interest included clinic function and hip pain improvement of AVN patients after alendronate treatment. The other relevant outcomes were clinical failure and radiographic failure rate of treated AVN. Clinical failure was defined as the need for THA. For the radiographic evaluation, although various classification systems were used among the studies, they shared fundamental similarities; therefore, radiographic failure here were defined as any lesions progressed to a higher stage from baseline stage [7, 21] . Due to the included AVN comprising both pre-collapse and early-collapse stage, collapse rates were separated and considered as a new occurrence of collapse or an increased collapse of greater than 2 mm. Data could not be analyzed using a meta-analysis due to the methodological heterogeneity and limited number of the available controlled studies. * Figure 1 details study identification, inclusion, and exclusion. Our search strategy initially yielded 85 citations. Of these, we included 8 articles with 788 hips in this systematic review [12] [13] [14] [15] [16] [17] [18] [19] . Tables 1 and 2 show the characteristics of the included articles. All the studies were conducted in Asia and published after 2000. All the studies targeted adult AVN patients within stage III classified by X-ray, magnetic resonance imaging (MRI), both according to Ficat and Arlet (3 studies) [13, 14, 17] , Association Research Circulation Osseous (ARCO, 2 studies) [15, 19] , or Steinberg (University of Pennsylvania system, 2 studies) [12, 16] . Four studies were restricted to nontraumatic AVN patients [12, 15, 16, 19] and the other 4 articles from the same group did not specify the etiology [13, 14, 17, 18] . The doses and duration of alendronate administration differed among the studies. In 5 of the included studies, patients were given calcium and vitamin D supplementation [12] [13] [14] 17, 18] . Full weight-bearing was only permitted in 1 study [15] and 4 studies only allowed partial or no weight-bearing [13, 14, 17, 18] . Six studies reported short-term results of alendronate treatment on AVN (<4 years) [12, [15] [16] [17] [18] [19] , and the other 2 reported long-term results (³4 years) [13, 14] .
Only 3 studies contained a control group [12, 15, 16] , 2 of which were randomized controlled trials [12, 16] that reported the details of randomization and blinding. Most of the included studies were prospective non-controlled studies and 4 of them were from the same institution reporting on the same group during different follow-up period [13, 14, 17, 18] .
As presented in Table 1 , the level of evidence for the studies ranged from 1b to 3b. The current evidence is Level 3a, which is limited to the small number with small sample size and the majority of non-controlled studies [20] . Table 2 showed the outcomes reported from studies evaluating alendronate use in avascular osteonecrosis of the femoral head.
Short-term outcomes analysis
Agarwala et al. [18] studied 16 patients with AVN of the femoral head -most of them secondary to the use of corticosteroids.
They used a regimen of alendronate 10 mg/day + calcium 1 g/day + vitamin D supplement, and the mean duration of therapy with alendronate was 24.7 weeks. Patients that used alendronate had a significant improvement in pain as early as 12 weeks, with a reduction in the need for analgesics and improvement in functional capacity in all patients, and this improvement was maintained for 24 weeks. The observation was extended to a total of 60 patients (100 hips), with an average follow-up of 37 months [17] . Alendronate was used in daily doses of 10 mg or weekly doses of 70 mg; these authors confirmed these findings and further suggested that alendronate would retard the progression of AVN and avoid the early indication of surgery in mid-term follow-up [17] .
Another study with short-term follow-up was performed by Chen et al., which included 83 patients with non-traumatic AVN of the femoral head [19] -33 of the patients were ARCO I and the rest were ARCO II. They were given oral alendronate 70 mg weekly, and evaluated with Harris criteria at baseline and 3 months after treatment. In the patients with ARCO I AVN, the scores of pain and function were improved after treatment (P<0.01). Similarly, in the patients with ARCO II AVN the scores of pain and function were both improved after treatment (p<0.01). And the score of activity was also enhanced obviously, which was not observed in ARCO I AVN patients. They concluded that alendronate is effective in treatment of early-stage adult non-traumatic AVN of the femoral head, especially for ARCO II patients.
The first RCT with short-term results evaluating the treatment of alendronate on AVN of the femoral head was by Lai et al. [16] . They studied 40 patients with Steinberg Stage II or III C nontraumatic AVN of the femoral head. The patients were divided into 2 groups, half of them received alendronate 70 mg/week orally and the other half did not receive this medication. The patients were monitored radiologically every 10 weeks and observed for a minimum of 24 months. At the end of the study, 
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In a study by Nishii et al. [15] , 14 patients (20 hips) with ARCO I-III AVN received alendronate 5 mg/day and were compared in a nonrandomized manner with a group of 8 patients (13 hips) that did not receive alendronate. No patient used walking assistance such as crutches or canes during the study. All the patients received periodical radiologic evaluation at 3, 6, and 12 months. At the end of follow-up, the group of patients receiving alendronate had less pain and a lower frequency of femoral head collapse when compared with the control group. Specifically, they found progressive collapse occurred only in hips with extensive necrosis (greater than the medial 2/3 of the weight-bearing area of the femoral head with/without involvement of acetabula edge, termed Type C2 and C1, respectively) in both groups, which had a much higher incidence in the control groups. In total, collapse occurred in 6/13 of articulations in the control group and in only 1/20 in the alendronate group (p=0.008). Moreover, 2 of 13 hips in the control group needed THA, but none of patients needed surgery in the alendronate group.
Therefore they suggested alendronate had the potential to prevent collapse of the femoral head, even with extensive necrosis, within 1 year.
Chen et al. recently performed a 2-year, multicenter, prospective, randomized, double-blind study involving a total of 52 patients (65 hips) [12] . Aln -alendronate; HHS -Harrris hip score; VAS -visual analog scale; THA -total hip arthroplasty; NA -not available. * This article was published in Chinese and the pain data presented the from Harris hip scores, the higher of which indicated better pain improvement. ** The radiographic failure was determined as any lesions progressed from a lower stage to a higher stage and collapse rate was determined as a new occurrence of collapse or an increased collapse of greater than 2 mm. *** The clinical failure was defined as the need for total hip arthroplasty.
Long-term outcomes analysis
The long-term data was from a study by Agarwala et al., who presented a clinic radiological analysis of 395 hips with a mean follow-up of 4 years [14] and then further extended the followup of 40 patients (53 hips) with AVN to 10 years [13] ; those patients were treated with oral alendronate for 3 years, and the data demonstrated although clinical functions showed a general trend of worsening after discontinuation, patients tolerated the decline well, as suggested by the reduction in pain of Ficat and Arlet Stage I-III patients 10 years after onset of alendronate treatment. More importantly, the rates of radiologic progression and femoral head collapse were markedly reduced even at 10 years as compared to the historical data available for natural history of hips with untreated AVN. At 10 years, 46 (87%) of the 53 hips survived, that is, had a satisfactory clinical result. Hip loss to arthroplasty occurred in 1 each of Stage I (7%) and Stage II (5%) hips and in 5 (26%) of Stage III hips. Of the 34 hips that were in pre-collapse stages at the onset of the study, at 10 years 10 had collapsed, indicating a collapse rate of 29% for a period of 10 years. Mean time to collapse was 4.2 years. They thereafter indicated that the benefit is particularly marked if the treatment is begun in the pre-collapse stages of the disease (Stage I or II). Even in Stage III hips some benefit was obtained from treatment with alendronate by at least a delay in the need for total hip replacement [13] .
Adverse events analysis
None of the studies noted serious adverse effects related to alendronate administration. The most common adverse effects across the studies were gastric dyspepsia mentioned in 3 studies [14, 15, 19] and dizziness mentioned in 2 studies [13, 14] , both of which occurred after treatment initiation and were self-limiting. No osteonecrosis of the jaw were seen irrespective of the dose or duration of alendronate.
*
Many surgical procedures have been described for preventing femoral collapse and progression of AVN. The most studied is core decompression, which works by reduction of intramedullary pressure inside the femoral head by making a drill hole, thus improving blood flow to bone. This procedure is mainly indicated in early-stage AVN [22] . Osteotomy could relocate the necrotic area of bone from the weight-loading area of the acetabulum, so as to redistribute the weight loading to articular cartilage, which is supported by healthy bone [23] . The increasingly applied method is bone graft, aiming to provide mechanical support to subchondral bone or cartilage. There are various types of bone grafting, some combined with osteotomy, osteochondral grafts, muscle pedicle bone grafts, and some are vascularized grafts to improve blood flow of the bone by achieving revascularization [24, 25] . The new tantalum rod is made of a biocompatible material with 75% porosity. It has been used to replace the necrotic bone segment to prevent collapse in Steinberg Stage I-III femoral AVN. The presence of pores allows rapid bony ingrowth [26] . However, the efficacy and safety of the above procedures are still controversial [7, [27] [28] [29] . Due to the reported efficacy of total hip arthroplasty and the typical age of patients with osteonecrosis, it has recently been questioned whether these invasive procedures are appropriate, given the potential difficulty of later conversion to a hip replacement [7, 30] .
Conservative treatment that helps improve function and delays femoral head deformity could be valuable time-buying strategy for some patients. Some of the pharmacologic agents that have been used to treat osteonecrosis of the hip are statins [31, 32] , anticoagulants [33, 34] , prostacyclin [35, 36] , and Bps [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The theoretical benefit of statins is based on the association of increased fat cell size with an increased risk of development of hip osteonecrosis [37, 38] . Anticoagulants may inhibit the aggregation of platelets and enhance blood flow to ischemic areas of bone [34] . Prostacyclin may promote bone regeneration on a cellular or systemic level [35] .
However, collapse of the femoral head appears to be a consequence of the non-coupling of bone reabsorption and bone regeneration rates. In this context, collapse could be prevented if the reabsorptive activity of the necrotic bone during the repair phase was inhibited or slowed until the formation of sufficient new bone [10] . This is the characteristic rationale for use of alendronate in AVN.
The efficacy of alendronate therapy of femoral head deformity was indicated by several experimental studies consisting of both adult rat and rabbit models induced by femoral head ischemia. In 2 closely related studies, alendronate given subcutaneously (200 mg/kg/d) was able to preserve femoral head structure in mature rats during a 6-week follow-up [39, 40] . In another study [41] , 3-week alendronate therapy reduced degeneration of articular cartilage and improved subchondral bone volume and mineral density in adult rabbits at 12 months, which therefore might be the reason that alendronate treatment could preserve the shape of the femoral head affected by AVN.
Regarding alendronate for the treatment of AVN in clinical trials, in the present review, only 8 articles were published. Our literature search found were 2 recent systematic reviews evaluating BPs for AVN, 1 of which only included 3 observational short-term studies in juveniles [10] , and the other with 6 small short-term trials that reported substantial heterogeneities across studies in patient group (adults and adolescents) and treatments (other BPs and combined therapy) [11] .
In contrast to previous reviews, the inclusion criteria of the current review were restricted to articles that studied alendronate treatment for adult AVN. We only analyzed alendronate because it was the most widely studied BPs for AVN. Due to ongoing debate on long-term effects of alendronate on the growing skeleton, we limited the studied population to only adults. The inclusion of most recent longer-term results and RCT would also help to update the previous evidence. Furthermore, after determining an overall profile of clinic outcome and the rates of radiographic and clinical failure, the collected data were further stratified by radiographic stage and by duration of follow-up to determine whether any of these factors influenced the results.
However, generally speaking, the studies included in the current review still present various limitations -most used observational non-controlled methods; small numbers of patients; different AVN stages of patients when treatment was initiated; and lack of uniformity in dose and time of alendronate use. These articles, in addition, had various durations of follow-up and were composed of various subgroups of patient populations [13, 14] .
Bearing in mind the above-mentioned limitations, most studies suggested a positive short-term and middle-term efficacy in pain reduction, improvement of articular function, slowing of bone collapse progression, and delaying the need for arthroplasty in adult AVN patients with the use of alendronate treatment. This is of great clinical significance, as most of the included patients are young or active patients who are likely to require a revision at some point in the future and the effective slowing of femoral head deformity by alendronate could help to avoid early THA. Favorable long-term results were also presented by Agarwala's 10-year study in treated patients even after alendronate discontinuation [13] . In addition, there were no severe adverse effects associated with alendronate treatment observed during short-or long-term follow-up. Another finding of the current review is that although patients in all stages appeared to have potential benefit from alendronate treatment, the application in early AVN with small size lesion was suggested by most of the included studies. Specially, as shown in Chen's study, when extensive osteonecrosis (Stage II C and III C) were radiographically presented, alendronate did not have any benefits. Thus, the efficacy of alendronate for AVN with large necrotic legions should be considered more carefully [12] .
Conclusions
Our findings support consideration of alendronate use for AVN in adults because short-term and long-term favorable results could be expected, particularly with the early stage and with small necrotic size. Nevertheless, the lack of large-scale, randomized, and double-blind studies should be noted, and future studies should be developed to demonstrate the following aspects. 2) There are a number of patient-specific factors that must be considered, including age, comorbidities, life expectancy, health, and activity level. 3) We also need to optimize the strategy of treatment, including timing of treatment initiation and alendronate therapy dose and duration.
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